The problem of isostatic recovery of incompressible and highly viscous fluid is considered for the case of non-Newtonian fluid which satisfies the (n>1). Because of nonlinearity of the equations of motion, it is impossible to solve them analytically. In this paper, therefore, the variational method is applied and a relation between the relaxation time of isostatic recovery surface is free and the bottom surface is rigid is considered. From the theoretical results and the postglacial uplife data of Fennoscandia and Laurentide, the upper mantle can be understood as a non-Newtonian fluid in which the strain rate is approximately proportional to the third power of the stress difference (n=3). This is in accordance with the results of WEERTMAN (1970) , STOCKER and ASHBY (1973) and so on.
Introduction
One of the methods to estimate the viscosity of the earth's mantle is to investigate the isostatic uplift movements of the regions which had been covered with large loads. Since these uplift movements are due to viscous
In some of early works, the mantle was treated as Newtonian fluid of homogeneous viscosity with infinite depth (HASKELL, 1935 (HASKELL, , 1936 HEISKANEN viscosity is about 1021 poises. This value is smaller than the one from the Fennoscandian data by one order of magnitude. TAKEUCHI and HASEGAWA (1965) showed that this contradiction can be eliminated if the viscosity of the lower mantle is very high and that of the uppermost mantle is low. In where H is the depth of the low viscosity layer, while the relation for short wave lengths is also given by (1). l MCCONNELL (1965, 1968a, b) obtained a layered viscosity distribution from "relaxation time spectra" of the Fennoscandian shoreline data. But the reliability of this "relaxation time spectra" is not so clear. MCCONNELL (1968b) himself noticed it. Apart from these authors, many authors also estimated the viscosity of the mantle based on various models. In all of these models, the mantle was assumed as Newtonian fluid. l From the theoretical aspect, this assumption was given some credibility by GORDON (1965 GORDON ( , 1967 . He concluded that the controlling mechanism of flow in the mantle may be the diffusion creep of HERRING (1950) . In this mantle can be treated as Newtonian fluid. MCKENZIE (1968) concluded that, though the controlling mechanism in the lower mantle is diffusion creep, it is not clear whether the controlling mechanism in the upper mantle is also diffusion creep or creep by movements of dislocations. WEERTMAN (1970) , RALEIGH (1973) and STOCKER and ASHBY (1973) concluded from consideration of many experimental data and various creep mechanisms that the diffusion creep is the controlling mechanism at a very small strain rate and the dislocation creep is the controlling mechanism within the range of strain rate in the upper mantle. If this is the case, the mantle must be treated as nonNewtonian fluid, because the strain rate is proportional to the n-th power values of n have been reported: n=5 for lherzolite (RALEIGH and KIRBY, 1970) ; n=4.8 for dry dunite, n=2.4 for wet dunite and n=2.3 for wet lherzolite (CARTER and AYE'LALLEMANT, 1970) ; n=3 for dry olivine (KIRBY and RALEIGH, 1973) ; n=3.18 for wet dunite (POST and GRIGGS, 1973) for dry olivine (KOHLSTEDT and GOETZE, 1974) . As stated above, the values of n which coincide with these by dislocation creep are obtained. But the strain rate in these experiments is much larger than the geological strain rate by several orders at best, so it is not clear whether the mantle is Newtonian or non-Newtonian. Nevertheless, it is very likely that the controlling mechanism of creep in the mantle is the dislocation creep, because similar structures of dislocations as in the minerals deformed by those experiments are observed in minerals derived from the mantle (AVE' LALLEMANT and CARTER, 1970; GREEN and RADCLIFFE, 1972; GOETZE and. KOHLSTDT, 1973) . Recently, POST and GRIGGS (1973) suggested that the data on postglacial rebound can be understood as the result of flow of non-Newtonian fluid in the mantle. BRENNEN (1974) , assuming n=3 and basing essentially on the Fennoscandian data, obtained a viscosity distribution similar to the one by WEERTMAN (1970) .
In this paper, in order to investigate what is expected for the case of non-Newtonian fluid, first we calculate the relation between the wave length and the relaxation time of surface disturbance for the case of n>1. Because of the nonlinearity of the basic equations, it is impossible to solve them analytically.
Hence we apply the variational method to this problem and obtain the solutions approximately.
Next, from the theory and data on the postglacial rebound, we estimate the value of n, and from the results above we calculate the average viscosity of the upper mantle as a function of the strain rate.
Theory
We deal with non-Newtonian fluid which satisfies following two con-
viscosity of the asthenosphere, we do not consider the temperature or depth
The basic equation in the Cartesian coordinates are expressed as follows:
(6)
time, although in general it is also a function of the coordinates. In short, we assume a similar deformation. Equation (6) expresses the mechanical equilibrium condition and Eq. (7) expresses the incompressibility of material. The variational equation describing (6) and (7) is given by (8) where From Eq. (8), (9) is obtained. The basic equations considered here are derived from the first and second terms of the right hand side of (9). It is clear, therefore, that (8) is equivalent to (6) and (7) for any trial functions satisfying the boundary conditions stated below. Similarly, the variational equation in the cylindrical or spherical coordinates becomes (10) where in the cylindrical coordinates (11) or in the spherical coordinates (12) As a trial function for (8) or (10), we use the Newtonian solution which has been obtained analytically. We study the two dimensional case when the surface is free and the bottom is rigid (Fig. 1) . This model is a simplified one in which the mantle consists of a low viscous upper layer and a high viscous lower layer. The trial functions and the integral regions in the three coordinates are as follows:
i) Cartesian coordinates Trial functions 
As seen above, there is one undetermined coefficient (i.e., A1 in (13) or (15)) in Newtonian solutions. We regard it as a variational parameter and redefine this parameter by the following non-dimensional quantity A. In the following expressions, the quantities with the bar imply dimensionless ones. i) Cartesian and cylindrical coordinates (17) ii) Spherical coordinates
In any coordinates, we normalize as follows:
i.e. A means the amplitude of the non-dimensional uplift velocity on the surface at the center of uplift. Substituting (17) or (18) to (8) or (10) and taking variation with respect to A, we obtain the following expression:
where in the Cartesian and cylindrical coordinates,
and in the spherical coordinates, (a-r0)'s in Fig. 4-a The present uplift velocity systematically increses from 0.1cm/y near Leningrad, U.S.S.R., to 0.9cm/y near Vaasa or Kokkola at the coast of the gulf Bothnia, so the uplift velocity at the center becomes about 1.0cm/y. In this table, h means the true uplift, in which corrections of sea level changes are made, and BP means before present. As to the estimation of the errors of h in the Laurentide data, we follow WALCOTT (1972) . Another estimation of h different from Walcott's was done by ANDREWS (1968, 1970a, b) . He, however, estimated h on the basis of a physically meaningless similarity curve of uplift, so we adopt Walcott's data.
In order to calculate the relaxation time at each h , the deviation from the equilibrium position at each time downward)
is needed. expressed as fellows: (25) the deviation from the equilibrium position at present.
can be calculated by the relation (26) Next, in order to estimate free-air gravity anomaly.
Free-air anomaly maps in Laurentide (WALCOTT, 1970) and Fennoscandia (HONKASALO, 1964) are shown in Figs. 5 and 6, respectively. In Fig. 7 , the Laurentide uplift since 6,000y BP and the Fennoscandian one since 7,000y BP are shown (WALCOTT, 1973) . In Laurentide, the pattern of anomaly is quite similar to that of the uplift (WALCOTT, 1973) . Therefore, it is natural that we think this negative anomaly is due to the effect that equilibrium has not yet been reached since deglaciation. In Fennoscandia, the pattern of anomaly is complex and not so similar to that of the uplift. To say briefly, it seems that the negative anomaly in the whole Fennoscandian region is invaded by the positive anomaly in Sweden. WALCOTT (1973) , however, points out that the mean free-air anomaly within 80m contour (Fig. 7) is -16mgal, whereas the mean anomaly over all of Fennoscandia is -1.6mgal, indicating a systematic decrease towards the center. Also it is easily calculated that the mean free-air anomaly within 100m contour is about -21mgal. The Walcott's systematic decrease towards the center, therefore, must be true. Hence the negative anomaly in Fennoscandia is also due to the effect that equilibrium has not yet been reached since deglaciation. shown. In order to see the effect of estimation of value of n, are shown. These are 150m
(this work and Heiskanen and Vening Meinesz), 180m (Vening Meinesz) and 210m (Niskanen) in Fennoscandia (POST and GRIGGS, 1973) , and are 200m, 250m and 300m in Laurentide. The shaded regions in Fig. 9 are the error ranges due to the errors in h. To avoid confusion, the error ranges for the case of 200m and 300m are omitted. From Figs. 8 and 9 , the values of n are obtained to be 2.9, 3.3 and 3.5 for 150m, 180m and 210m, respectively, in Fennoscandia, and to be 2.6, 2.9 and 3.6 for 200m, 250m and 300m, respectively, in Laurentide. When considering the errors in Fig. 9 , the values of n is within 1.8 to 4.1. As stated above, n is about 3 for any case. This result is in harmony with the theoretical and experimental results by WEERTMAN (1970) , STOCKER and ASHBY (1973) , KOHLSTEDT and GOETZE (1974) and so forth.
Effective Viscosity
Here we consider the case of the spherical coordinates. The orders of spherical harmonics l for these regions are 20 and 10, respectively. When n=3, Eq. (5) becomes (27) First, we can estimate (a-r0). i.e., the depth of low viscous layer, as (29) In this paper we have treated the earth's mantle by a simple approximation that the mantle consists of a soft upper layer and a rigid lower layer.
Though
it may be an insufficient approximation when we want to treat the long wave length like l=2, it is sufficient for those wave lengths treated in this paper, i.e. l=10 and l=20, if the effective viscosity is larger in the lower mantle than in the upper mantle by about two orders of magnitude.
There-
The viscosity of the lower mantle has been considered to be about 1026 poises or more (MACDONALD, 1963 (MACDONALD, , 1965 MCKENZIE, 1966 MCKENZIE, , 1967 . This was based on the nonhydrostatic equatorial bulge. Against above, some authors suggested very small viscosities. GOLDREICH and TOOMRE (1969) suggested that the viscosity of the lower mantle is less than about 1025 poises and may be less than 1024 poises, in order to explain polar wandering. Basing on the As mentioned above, there is no definite conclusion on the viscosity of the lower mantle.
But we feel that the lower mantle is more viscous, to some extent, than the upper mantle. There are considerable negative free-air anomalies in all regions which had been covered with ice sheets (see O'CONNELL'S (1971) Fig. 3 and KAULA'S (1972) free-air anomaly maps). A good correlation, therefore, exists locally, although no global correlation exists as concluded by O'CONNELL. At present, nevertheless, we can only say from the wave lengths considered here (i.e. l=10 and 20) that the lower matle is more viscous than the upper mantle (or the asthenosphere), but we cannot say to what extent it is more viscous. To draw a definite conclusion on this point, we need some new data of longer wave lengths, for example, l=2, 3, etc. BRENNEN (1974) concluded that increase of viscosity with depth is much smaller than previously suggested. Judging from the data used by him, it is not clear whether his conclusion can be extrapolated to the lower mantle or not, although this may be true in the upper mantle.
Conclusion
Haskell's problem for the case of non-Newtonian (n-th power law) viscous fluid is considered. Because of the nonlinearity of the equations of motion, it is impossible to solve them analytically. The variational method, therefore, We are grateful to Professor H. Takeuchi for his constant encouragement during the course of this study. We would like to thank Dr. H. Mizutani for his helpful suggestions and discussions in this study and for critically reading the manuscript.
